Based on rodent models, researchers have theorized that the hippocampus supports episodic 23 memory and navigation via the theta oscillation, a ∼4-10-Hz rhythm that coordinates brain-wide 24 neural activity. However, recordings from humans have indicated that hippocampal theta oscillations 25 are lower in frequency and less prevalent than in rodents, suggesting interspecies differences in 26 theta's function. To characterize human hippocampal theta, we examined the properties of theta 27 oscillations throughout the anterior-posterior length of the hippocampus as neurosurgical subjects 28 performed a virtual spatial navigation task. During virtual movement, we observed hippocampal 29 oscillations at multiple frequencies from 2 to 14 Hz. The posterior hippocampus prominently 30 displayed oscillations at ∼8-Hz and the precise frequency of these oscillations correlated with the 31 speed of movement, implicating these signals in spatial navigation. We also observed slower ∼3-Hz 32 oscillations, but these signals were more prevalent in the anterior hippocampus and their frequency 33 did not vary with movement speed. Our results converge with recent findings to suggest an updated 34 view of human hippocampal electrophysiology. Rather than one hippocampal theta oscillation with a 35 single general role, high-and low-theta oscillations, respectively, may reflect spatial and non-spatial 36 cognitive processes.
they were located at the position of a specified hidden object as they were moved at a randomly 82 varying speed in one direction along a linear track (Fig. 1) . Overall, subjects performed the task well, 83 responding accurately on 84% of trials (defined as having an error distance less than 11.5 VR units; 84 see Methods). We performed spectral analyses of the iEEG signals during movement phases of the 85 task for all hippocampal recording sites and used an oscillation-detection procedure known as MODAL electrodes were dual oscillators ( Fig. 3D ). In the posterior hippocampus, 69% of electrodes were single 123 oscillators; whereas in the anterior hippocampus, 50% of electrodes were single oscillators and 50% 124 were dual oscillators ( Fig. 3B ).
125
These patterns suggested to us that there could be a systematic relationship between the A-P 126 position of a hippocampal recording electrode and the characteristics of the oscillations it exhibited. either as two oscillations or as a single slower oscillation.
140
Building off our earlier work showing the functional lateralization of human theta oscillations 141 (Miller et al., 2018) , here we went further to examine the spectral and anatomical properties of theta 142 oscillations related to movement. We found that both left and right hemispheres displayed low-and 143 high-theta oscillations (29 left electrodes, mean = 6.4 ± 0.5 Hz [mean ± SEM]; 24 right electrodes, 144 mean = 7.1 ± 0.5 Hz). Among the high-theta single oscillators, mean frequencies were significantly 145 faster on the right hemisphere than the left (17 left electrodes; mean = 6.23 Hz, 13 right electrodes; 146 mean = 8.12 Hz; t 34 = 2.4, p = 0.02, unpaired t test). The high-theta oscillations exhibited by dual 147 oscillators did not differ in frequency between the two hemispheres (t 27 = 0.45, p = 0.65, unpaired 148 t-test).
149
We wished to confirm that our results were not biased by unbalanced electrode positioning across 150 the hippocampus, either between hemispheres or across the dorsal-ventral axis. To analyze this, 151 we compared the distributions of electrode locations across left vs. right hemispheres and across 152 hippocampal subregions (see Supplemental Results). We did not find a significant difference in the 153 distribution of electrode positioning between the left vs. right hemispheres (two-sample rank-sum test, 154 p = 0.2), and did not find significant frequency variations across subregions (one-way ANOVA; single 155 oscillators: F 40 = 1.8, p = 0.18; dual oscillators, F 47 = 0.24, p = 0.79). Taken together, these results
156
indicate that the variation in the properties of hippocampal oscillations along the A-P axis is not 157 an artifact of a difference in electrode positioning between the left and right hemispheres or across 158 subregions.
159
We wished to further probe the spectral characteristics of dual oscillators to understand the 160 relationship between their lower-and higher-theta oscillations. We first considered the possibility 161 that there was a relationship between the particular frequencies of the oscillations that appeared at 162 individual dual oscillator electrodes. This could be the case, for example, if one electrode with two 163 apparent oscillations was actually demonstrating an oscillation and its faster harmonic. However,
164
there was no correlation between the frequencies of the high and low oscillations at individual dual 165 oscillators (p = 0.85, permutation procedure), indicating that the faster oscillations at these sites were 166 not harmonics of the slower ones. Additionally, we compared the timing of the occurrence of these 167 oscillations and found a tendency for dual oscillators to show oscillations at both bands simultaneously 168 (Wilcoxon signed-rank test, p = 0.03; see Fig. S2A ). Together, these results indicate that signals 169 at dual oscillators reflect distinct hippocampal oscillations with a moderate tendency to co-occur in 170 time. Finally, some subjects within our dataset possessed multiple distantly spaced electrodes along 171 the hippocampal A-P axis. This enabled us to test whether theta oscillations recorded across the A-P 172 axis were temporally related (i.e. through volume conduction). We conducted an analysis of theta 173 phase locking separately for simultaneously recorded electrode pairs that exhibited low-and high-theta oscillations, and found that volume conduction did not explain our findings (see Supplemental Results; Fig. S3 ). Instead, we detected characteristic phase lags indicating that the theta oscillations we were 176 measuring were traveling waves that tended to propagate from higher-theta oscillation sites towards 177 lower-theta ones (Ermentrout & Kleinfeld, 2001; Zhang & Jacobs, 2015; Zhang et al., 2018) .
178
Analysis of theta-bout duration. Earlier studies showed that theta oscillations in both humans and 179 monkeys appeared in transient bouts (Ekstrom et al., 2005; Watrous, Lee, et al., 2013; Jutras et al., 180 2013), which were shorter in duration compared to the rodent theta oscillations that often persisted 181 for many seconds (Buzsáki, 2005) . To compare our results with signals in rodents, we measured 182 the mean duration of continuous oscillatory cycles of theta signals from individual electrodes in the 183 low-and high-theta bands and for single and dual oscillator electrodes (Fig. 4) . Individual electrodes 184 showed a range of mean theta-bout durations. The mean bout duration was longer for high-than for longer high-theta bout durations make them more similar to the theta signals seen in rodents than the 192 shorter bout durations seen in dual oscillators (Buzsáki, 2005) .
193
The frequency of high-theta oscillations correlates with movement speed. In rodents, the instan- 
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Building off this work, we tested for correlations between movement speed and theta frequency to 202 specifically distinguish the functional role for human hippocampal oscillations in spatial processing. To 203 do this, at each electrode we measured the precise frequency of the oscillations in each of the three 204 movement epochs per trial, in which subjects were moved at a particular fixed speed along the virtual 205 track (see Methods). Then, for each electrode, we computed the correlation across epochs between 206 the movement speed and the oscillation frequency.
207
Many electrodes with high-theta oscillations showed positive correlations between frequency and 208 movement speed. Figure 5A -B illustrates this pattern of results for five example electrodes. We found 209 that the mean correlation between movement speed and oscillation frequency was reliably positive for 210 high-theta oscillations (Fig. 5C, right) , both when this signal was observed on single as well as dual 211 oscillator electrodes (both p's < 10 −3 ). The mean speed-frequency correlation was significantly larger 212 for single than dual oscillators (t 49 = 4.73, p < 10 −4 ). This effect was also statistically significant on the single-electrode level. Of the 30 high-theta single oscillators, 24 (86%) showed a significant 214 (p < 0.05) speed-frequency correlation, which was more than expected by chance (p < 10 −5 , binomial most strongly at ∼4 Hz when rodents are stationary and are traditionally linked to anxiety (Kramis 288 et al., 1975; Bland, 1986; Maren et al., 1994; Seidenbecher et al., 2003; Pape et al., 2005 ; but see 289 Schultheiss et al., 2019) . In contrast, current data from humans link oscillations in this low-theta 290 band to memory processing (Lega et al., 2012; Lin et al., 2018; Miller et al., 2018) . Therefore, one 291 possibility is that the low-theta oscillations we observed are indeed related to the rodent Type 2 theta, 292 but this signal in humans has a broader functional role beyond anxiety, perhaps including episodic 293 memory and other types of cognitive processes that involve the anterior hippocampus (Bannerman et 294 al., 2004; Mitchell et al., 2008) . Our interpretation is consistent with the recent finding that slower, 295 Type 2 theta oscillations in rodents can be generated by a distinct network of cells in the ventral 296 hippocampus (Mikulovic et al., 2018) , which is homologous to the anterior hippocampus in humans 297 (Colombo et al., 1988; Amaral & Witter, 1989; Moser & Moser, 1998; Strange et al., 2014) .
298
A notable feature of our findings is identifying many "dual oscillator" electrodes, which seem to 299 reflect hippocampal networks that are capable of exhibiting both low-and high-theta signals. The 300 existence of these dual oscillators may be important theoretically because the hippocampus in both 301 rodents and humans is known to exhibit theta traveling waves that propagate in a posterior-to-anterior 302 (in humans) or dorsal-to-ventral (rodent) direction (Lubenov & Siapas, 2009; Zhang & Jacobs, 2015) .
303
One potential mechanism for hippocampal traveling waves is a network of weakly coupled oscillators 304 (Ermentrout & Kleinfeld, 2001; Zhang et al., 2018) . The multiple oscillations shown by dual oscillators 305 may reflect the underlying independent oscillators that can lead to the generation of traveling waves 306 when the phase coupling between them is increased. In particular, by showing that oscillatory phase and navigation. Nature communications, 9 (1), 2423.
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Underlying 5-7 Hz oscillations B Figure S2 : Dual Oscillator Bout Correlation A. Histogram of φ correlation coefficients from all dual oscillators within our dataset. The distribution is significantly greater than 0 (Wilcoxon signed-rank test, p = 0.03). B. Raw EEG trace above high-theta and low-theta prevalences for a random 15s from an electrode within our dataset that exhibits characteristic periods where the low-and high-theta bouts appear separately (left) and co-occur (right). Figure S3 : Phase Analysis A. Schematic of the human hippocampus, with colors signifying location along the A-P axis (red is anterior, blue is posterior). B. Example iEEG traces from electrodes within a single subject at similar frequencies demonstrating phase shifts (not real data). C. For all electrode pairs that exhibit consistent phase shifts, the plot indicates the percent of electrode pairs that exhibit anterior-to-posterior traveling waves (red) and posterior-to-anterior traveling waves (blue), with electrode pairs separated by the site that showed the faster oscillation.
